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2D oxide quasicrystals (OQCs) are recently discovered aperiodic, but well-
ordered oxide interfaces. In this topical review, an introduction to these new thin-
ﬁlm systems is given. The concept of quasicrystals and their approximants is
explained for BaTiO3 and SrTiO3derived OQCs and related periodic struc-
tures in these 2D oxides. In situ microscopy unravels the high-temperature
formation process of OQCs on Pt(111). The dodecagonal structure is discussed
regarding tiling statistics and tiling decoration based on the results of atomically
resolved scanning tunneling microscopy and various diffraction techniques. In
addition, angle-resolved ultraviolet photoemission spectroscopy and X-ray
photoelectron spectroscopy results prove a metallic character of the 2D oxide.
1. Introduction
2D oxide quasicrystals (OQCs) emanate from research dedi-
cated to functional oxide interfaces. Oxide thin ﬁlms are known
to exhibit a wide range of functionalities. When the ﬁlm
thickness is reduced, the impact of the
interfacial layer on the ﬁlm properties
increases and additional functionalities
can arise, which extend the materials prop-
erties with respect to the bulk counterparts.
Famous examples are the voltage-driven
magnetization switching in multifer-
roics[1–3] and the formation of a 2D electron
gas at the LaAlO3=SrTiO3 interface.
[4,5]
In addition to these functionalities, the
observation of a 2D OQC added long-
range aperiodic order to perovskite-derived
oxide interfaces—two years after the Nobel
prize in chemistry was awarded to Dan
Shechtman for the discovery of quasicrys-
tals in metal alloy systems.[6] OQCs form spontaneously from
perovskite oxide thin ﬁlms on a metal substrate with sixfold
symmetry.[6,7] These interfaces between a periodic substrate
and the aperiodic thin ﬁlm add a new facet to the known forms
of interface epitaxy.
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Quasicrystals are materials without the translational symme-
try known to periodic crystals, but with a long-range order and a
well-deﬁned rotational symmetry visible in diffraction. Often
they exhibit an 8-, 10-, or 12-fold rotational symmetry, which
is incompatible with translational symmetry.[8–11] Therefore, fun-
damental concepts in solid-state physics, e.g., the description of
electrons by delocalized Bloch states or the concept of extended
phonons do not apply for quasicrystals. This makes this class of
materials highly interesting also from a fundamental science
point-of-view.
Figure 1a shows the ﬁrst electron diffraction data of an aperi-
odic oxide structure. The low-energy electron diffraction (LEED)
pattern of the OQC clearly shows a 12-fold symmetric pattern.
On the atomic scale, this unique structure is built from motifs
of equilateral triangles, squares and rhombs, that arrange in
characteristic dodecagons, as seen in the scanning tunneling
microscopy (STM) image of Figure 1b.[6] We enroll the formation
process of the quasicrystalline layers, which follows a self-
limiting encapsulation process of the metal surface by the oxide
monolayer known as the strong metal support interaction
(SMSI) effect of binary oxides on metals.[12–18] Atomically
resolved STM images allow for a detailed understanding of
the real space tiling of OQCs. It will be demonstrated how a
statistical analysis of the real space tiling can be used to identify
the Niizeki–Gähler tiling (NGT) as the idealized model system
which describes the structure.[19–21] Recursion rules for the
NGT are discussed and it is described how the self-similarity,
which follows directly from recursion, is altered in the as grown
OQC due to phason ﬂips.[21,22] In addition to the real space struc-
ture, insights into various diffraction experiments are given.
With respect to the electronic structure, we present evidence
for unpaired electron spins at the vertices of the dodecagonal
tiling as derived from angle-resolved photoemission.[23] Today
OQCs can be prepared as perfect monolayer extending over
the entire substrate surface and have been successfully tested
as template for adsorption experiments.[24,25]
In the ﬁeld of quasicrystals, a variety of approximant struc-
tures are frequently found. These are long-range periodic struc-
tures in which the tiling elements or even larger patches of the
quasicrystal tiling are cut and form the repeating unit cell. For
the ternary oxide monolayers, a variety of approximants to the
dodecagonal NGT have been reported.[7,26–31] With increasing
size of the unit cell of the approximant, the structures resemble
the OQC more closely. Approximants are of special interest due
to their periodic nature, as the Bloch theorem applies here and all
standard methods of solid-state physics can be used. Especially,
surface X-ray diffraction (SXRD) investigations have proven to be
most valuable for establishing a complete structural model for
OQCs, that goes beyond investigations of the Ti sublattice seen
in STM images.[28–30]
2. Preparation and Stability
For the preparation of OQCs, less than 1 nm of a given ternary
oxide needs to be deposited on the Pt(111). By annealing the
oxide layer at temperatures above 900 K, the material rearranges
at the surface, which ultimately can lead to the OQC formation.
This structural transformation process has been studied in
great detail for the prototypical OQC system of BaTiO3 on
Pt(111).[12,32,33] For temperatures around 900 K, a long-range
Stefan Förster received his Ph.D. in
physics in 2012 at the Martin-Luther-
Universität Halle- Wittenberg (MLU).
He was awarded a P.R.I.M.E.
postdoctoral fellowship of the German
Academic Exchange Service and
worked from 2014 to 2016 in the
group of Greber and Osterwalder at
the University of Zurich. Since 2016,
he is leading a young researchers
group focusing on oxide quasicrystals in the group of Wolf
Widdra at the MLU.
Eva Maria Zollner graduated in
physics at the Martin-Luther-
Universität Halle-Wittenberg. Her
Ph.D. in the surface science group at
the MLU is devoted to the growth of
2D oxide quasicrystals and their use
as templates for molecular adsorption
studies.
Wolf Widdra received his Ph.D. in
physics in 1991 at the Philipps-
Universität Marburg. After a Post-doc
at the UC Santa Barbara, he became
an Assistant Professor in the group of
Dietrich Menzel at the TU Munich in
1994. From 2001 to 2003, he worked
as an Associate Professor at the TU
Berlin and headed the Department
“Synchrotron Radiation, Micro- and
Nanostructures” at the Max Born Institute for Nonlinear
Optics and Short Pulse Spectroscopy in Berlin. Since 2003,
he is a Full Professor at the Martin-Luther-Universität
Halle-Wittenberg as head of the Surface Science
department.
(a) (b)
Figure 1. a) Dodecagonal low-energy electron diffraction pattern of the
2013 discovered oxide quasicrystal derived from BaTiO3 on Pt(111) and
b) scanning tunneling microscopy image with the characteristic building
blocks marked for the dodecagonal OQC (4 4 nm2). Adapted with per-
mission.[6] Copyright 2013, Springer Nature.
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ordered BaTiO3(111) structure develops. Upon annealing to
higher temperatures under oxidative conditions, BaTiO3 tends
to reduce the interfacial contact to Pt, which results in the growth
of 3D islands. In surplus of oxygen, all BaTiO3 segregates in the
islands with bare Pt(111) between the islands. Recently, it has
been found that depending on the islands’ thickness, a hexagonal
BaTiO3 structure can be stabilized in the islands, rather than a
simple perovskite stacking along the (111) directions.[34] This
structure is the high-temperature phase of bulk BaTiO3.
[35]
Under reducing conditions, the annealing of a periodic or
amorphous BaTiO3 layer leads to islands formation as well.
However, in this case, the Pt(111) substrate will be covered by
an ultrathin BaTiO3x wetting layer. Figure 2 shows a series
of in situ low-energy electron microscopy (LEEM) images of this
wetting process for an area of 1.4 1.4 μm2. The bright area in
the top left image corresponds to bare Pt(111); the gray contrast
resembles BaTiO3(111) islands. The faint wavy horizontal lines
are the substrate step edges. The wetting layer starts to form
locally at the rim of the BaTiO3(111) islands at 1020 K and
appears with darker contrast in the LEEM images of Figure 2.
Due to the enhanced mobility at the substrate step edges, a
growth front of the wetting layer starts there, which connects
the local patches to a homogeneous layer with time. At
1020 K, this wetting layer is amorphous. It fully covers the
Pt(111) substrate as conﬁrmed by the suppression of the surface
core-level shift of Pt in photoemission experiments using syn-
chrotron radiation.[12] Upon temperature increase, a series of
long-range ordered structures is formed in the wetting layer.
The OQC is typically found for temperatures ranging from
1070 to 1170 K.[6,12,24,28] At higher temperatures, the ﬁlm rear-
ranges into a small unit cell periodic approximant structure,
which will be discussed in detail in Section 6.
This wetting process can be reversed by reoxidation as shown
in the lower sequence of LEEM images in Figure 2. The OQC
layer itself is stable against dosing 106 mbar of molecular oxy-
gen at 900 K. However, with time the bright contrast of the
Pt(111) substrate becomes visible and the wetting layer trans-
forms into tiny BaTiO3 islands (bottom left). Due to the initiation
at the step edges and the auto-catalytic character, the dewetting is
attributed to a reoxidation of the wetting layer using atomic oxy-
gen, that results from a dissociation at Pt sites.[12] The wetting
and dewetting cycle shown in Figure 2 is completed by annealing
to higher temperatures in O2. This reduces the island density due
to Ostwald ripening and coalescence. This cycling is fully revers-
ible. For the case of BaTiO3 on Pt(111), even upon multiple
cycling, no Ba or Ti is lost by re-evaporation from the surface
or diffusion into the Pt bulk.
For the preparation of OQC ﬁlms, no special deposition tech-
nique is needed. Surface roughening as a consequence of sputter
deposition or pulsed-laser deposition will not hinder the OQC
formation, as surface defects will be healed out during the
high-temperature treatment involved in the OQC formation pro-
cess. However, the highest level of precision in the preparation of
OQC monolayers has been reached using molecular beam
Figure 2. In situ LEEM observation of the wetting and dewetting process of a monolayer of BaTiO3 on Pt(111). At 1020 K, small hexagonal BaTiO3(111)
islands on bare Pt (top left) are transformed into a complete wetting layer encapsulating the metal surface (top right) under reducing conditions. This
proceeds by a spreading of the material from the 3D islands across the Pt substrate in a 2D layer, which continuously grows with time to full coverage. At
100 K higher UHV annealing temperature, this wetting layer develops into the homogeneous dodecagonal OQC (bottom right). For high oxygen chemical
potentials, the OQC decays into smallest BaTiO3 islands (bottom left). This process starts from the substrate step edges and destroys the wetting layer in
a dendritic fashion. At 150 K higher temperatures, the small islands grow by coalescence and ripening, which closes the redox-cycle. A movie of this
transition is available in the Supporting Information.
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epitaxy (MBE).[24] By calibrating independent Ba and Ti sources
using a quarz-crystal micro balance (QMB), the right composi-
tion and coverage can be guaranteed. As demonstrated in this
issue by Zollner et al., perfect monolayers can be grown that
extend over the entire surface, which have been already success-
fully tested as templates for molecular adsorption.[24,25]
When depositing more than the required monolayer BaTiO3
equivalent or having an off-stoichiometric metal composition, a
phase separation occurs at the substrate surface. In coexistence to
the OQC, the excess material will form additional islands of
perovskite-related structures. For the BaTiO3/Pt system, it turned
out that the OQC will be formed for higher coverages even if the
overall metal composition varies by 15% around the stoichio-
metric value. This implies that the OQC stoichiometry is ﬁxed
and the islands can act as a materials reservoir that compensates
deviations from the optimal composition. This formation of 2D
wetting layers of reduced ternary oxides in coexistence with 3D
islands is not unique for BaTiO3 on Pt(111). It has also been
reported recently for SrTiO3 on Pt(111) as well as BaTiO3 on
Ru(0001) and emphasizes a rather universal scheme for ternary
oxides on metals.[7,31]
3. Electronic Structure
According to the preparation conditions for the wetting and dew-
etting cycle introduced earlier, the OQC should have a reduced
character. This is conﬁrmed by the Ti-2p core-level binding ener-
gies. Figure 3 shows two X-ray photoelectron spectroscopy (XPS)
spectra of the Ti-2p region for a 1 nm thin BaTiO3 ﬁlm on Pt(111)
after 3D island formation and rewetting. The two spectra have
been recorded with synchrotron radiation at photon energies
of 670 and 1000 eV, respectively.[36] The spectra are normalized
to the low binding energy background and offset for clarity. At
the given ﬁlm thickness, a coexistence of BaTiO3 islands with a
periodic structure and the OQC is observed upon ultrahigh vac-
uum (UHV) annealing, as conﬁrmed by LEED (not shown). In
these two structures, the titanium atoms are chemically different
as evidenced by XPS, which shows a superposition of two Ti-2p
doublets. For the higher binding energy component, the Ti-2p3/2
peak is centered at 459.0 eV. For the lower binding energy com-
ponent, this peak is observed at 456.3 eV. The doublet at 459.0 eV
is assigned to the BaTiO3 islands, as its binding energy is in per-
fect agreement with that of Ti4þ in bulk BaTiO3.
[37] The intensity
decrease in this component upon reducing the photon energy as
observed in Figure 3 furthermore conﬁrms that this signal
relates to 3D islands. The large downshift in energy of 2.7 eV
for the second component, which corresponds to Ti atoms in
the OQC, clearly indicates a reduction of this 2D layer.
However, this shift is much larger than typically observed for
reduced BaTiO3 or TiO2. There the introduction of oxygen vacan-
cies causes the formation of a Ti3þ component, which is shifted
by maximal 2 eV.[37–39] A shift that is comparably large as for the
OQC has been reported for Ti ions in 2D binary oxides on metal
surfaces.[40–43] The energetic position might also reﬂect a distinct
variation in the binding geometry rather than a formal oxidation
state. As a consequence of the reduction, Ti-3d states that are
located at the Fermi level are ﬁlled, which induces a metallic
character to the OQC layer. A ﬁrst hint toward this direction
comes from a peak asymmetry of the OQC component, which
can be well described using a Doniach–Sunjic line shape.[44]
The direct evidence of the metallic character of the OQC comes
from angle-resolved photoemission using momentum micros-
copy.[23] Figure 4 shows 2D momentum maps of the bare and
the OQC covered Pt(111) substrate, recorded at the Fermi energy
and at 0.5 eV binding energy. In the presence of OQC, the signa-
ture of the Pt bulk bands remains clearly visible, although these
features are damped by the 2D overlayer. In addition, the OQC
induces a strong enhancement of the photoelectron intensity
around the Γ¯ point at the Fermi level. Its energetic and momen-
tum position nicely matches that of occupied Ti-3d states in
oxygen-deﬁcient BaTiO3 ﬁlms forming 2D electron gases.
[45]
With increasing binding energy the intensity distribution
becomes narrower indicating an Eð~kÞ dispersion of the Ti-3d states
Figure 3. XPS data for the Ti-2p core level region for the OQC in presence
of BaTiO3(111) islands. Due to the increased surface sensitivity at 670 eV
photon energy, the photoelectron intensity of the 3D islands is reduced.
Figure 4. Comparison of the 2D momentum maps of the BaTiO3-derived
OQC on Pt(111) and of the bare Pt(111) substrate at the Fermi energy and
0.5 eV below. Color scale in 104 CCD counts.
www.advancedsciencenews.com www.pss-b.com
Phys. Status Solidi B 2019, 1900624 1900624 (4 of 11) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
of the OQC. Regarding the ﬁlling of the Ti-3d states, the Fermi
wave vector has been estimated. From the full-width-at-half-
maximum of the momentum distribution along the ky direction,
a lower bound of the Fermi wave vector of 0.4Å1 could be esti-
mated. This value is consistent with the 0.6 Å1 of a 3d1 conﬁgu-
ration for each Ti atomwithin the OQC structure and in agreement
with the reduction seen by XPS.[23] The assignment of an unpaired
electron spin on each Ti site is an exciting ﬁnding, which paves the
way into future studies of the magnetic ordering in the OQC layer.
4. Real Space Structure
The real space structure of the OQC has been determined from
atomically resolved STM images. Figure 5 shows an example on
the scale of 10 10 nm2. The OQC appears as bright protrusions
with an interatomic spacing of 6.85Å. This imaging contrast is
robust upon bias voltage variations away from the Fermi level
and does not depend on bias polarity within a range from
1.0 to 1.0 V.[6] These tunneling characteristics can be explained
by tunneling out or into the Ti 3d states, which is in line with the
photoemission results. A detailed inspection of the atomically
resolved features in the STM image reveals three different tiling
elements within the OQC: equilateral triangles, squares, and
rhombs inclining 30 and 150∘ angles. The vertices of these tiling
elements are decorated by Ti. These three tiling elements are fre-
quently found in groups of twelve triangles, ﬁve squares, and two
rhombs that arrange in a characteristic dodecagon as emphasized
in color in Figure 5. The 2D layer builds up from overlapping
dodecagons.
A mathematical description of a 2D dodecagonal quasicrystal
with these building blocks has been reported by Niizeki, Mitani,
and Gähler in the late 1980s, why we denote this structure as the
NGT.[19,20] This tiling can be generated by the cut-and-project
method from a 4D periodic lattice, which is the general scheme
to rationalize quasicrystals.[46–48] Alternatively, it can also be
generated by recursion.[22] The recursion rule is shown in
Figure 6a. In each deﬂation step, a triangle is substituted by
seven triangles and three squares of smaller length. Each square
is replaced by 16 triangles, ﬁve squares, and four rhombs.
The rhombs are replaced by eight triangles, two squares, and
three rhombs. The shaded areas in the rhombs and the
squares indicate, that a given orientation of these tiles needs
to be respected, which reduces their symmetry.[21,22]
Mathematically, this substitution rule can be formulated by a
deﬂation matrix T
T ¼
0
@ 7 16 83 5 2
0 4 3
1
A. (1)
The rows of T are assigned to the number of triangle, square,
and rhomb tiles in each replacement, respectively. The
Eigensystem solution of T reveals two important properties of
(a) (b)
Figure 6. Substitution rules for the dodecagonal NGT: a) First recursion step.[22] b) Second recursion step for the square element: By multiple iterations,
the recursion generates self-similar tilings that scale with ð2þ ﬃﬃﬃ3p Þ. The higher-hierarchical tiling connects the centers of dodecagons formed in the lower
generation instance (black circles).
Figure 5. Atomically resolved STM image of the BaTiO3-derived OQC on
Pt(111). The structure forms from three different tiling elements that build
a characteristic dodecagon. The 2D tiling is created from overlapping
dodecagons. The coloring has been added to emphasize the building
blocks. 10 10 nm2, 30 pA, 0.15 V.
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the NGT: The square root of the eigenvalue gives the scaling fac-
tor of self-similarity in the NGT of (2þ ﬃﬃﬃ3p ). Furthermore, the
corresponding Eigenvector of the deﬂation matrix T
ðð1þ
ﬃﬃﬃ
3
p
Þ, 1, ð1þ
ﬃﬃﬃ
3
p
Þ1Þ  ð2.73, 1, 0.37Þ (2)
represents the tiling element ratio in the NGT: the numbers of
triangles relative to the numbers of squares and of rhombs. This
ratio can be used to derive other entities that can be used for a
statistical analysis of the NGT, e.g., the frequency of shared edges
between the different tiles.
Figure 6b shows that the subsequent application of the recur-
sion rule not only increases the size of the grown patch according
to the scaling factor but also results in a self-similarity of the
tiling. In the third-generation tiling shown in Figure 6b on the
right, the subsequent application of the recursion rule has led to
the formation of characteristic dodecagons of the NGT. By con-
necting the centers of these dodecagons, a triangle-square-rhomb
tiling is formed on next-larger scale as emphasized in black in
Figure 6b.
Recently, a systematic statistical analysis of the BaTiO3-
derived OQC tiling has been conducted for a system of 8100
vertex positions as determined from an atomically resolved
large-scale STM image.[21] In this issue, Zollner et al. repeat this
analysis for an even larger dataset of almost 20 000 vertices.[24]
The comparison of both systems to the statistics of the ideal
NGT regarding tiling element ratio and frequency of shared
edges clearly reveals that the OQC is the ﬁrst realization of this
ideal dodecagonal model system. To the best of our knowledge,
these are the largest real space datasets of any quasicrystal
analyzed so far.
First of all, an almost perfect match of the OQC tiling element
ratios of 2.75:1:0.36 (8100 vertices) and 2.75:1:0.38 (20 000 vertices)
to that of the ideal NGT of 2.73:1:0.37 has been found. Evenmore
intriguing is the superior agreement in the frequency of shared
edges. Figure 7 summarizes the values obtained for the three
systems. In the NGT, only triangle-square, triangle-triangle,
and triangle-rhomb edges occur. Their relative frequencies agree
perfectly with those of the experimentally determined ones for
the real OQC. Due to defects that are intrinsically present in real
systems, also rhomb-rhomb, rhomb-square, and square-square
edges occur. However, they amount to 12 out of 18 631 edges
(8100 vertices) and 128 out of 47 659 (20 000 vertices) in total,
which is a remarkably low number of defects and underlines
the perfectness of quasicrystalline order here.[21,24]
Deviations of the OQC statistics from the NGT have been
reported with respect to the rotation of rhombs and dodeca-
gons.[21] The combination of both facts, namely, variations in
the rotation of building blocks and an ideal edge frequency,
points toward a signiﬁcant amount of phason ﬂips in the tiling.
Phasons ﬂips are changes of vertex positions in real space
between well-determined positions as a consequence of excita-
tions in the higher-dimensional hyperspace.[49–51] This small
displacement of a vertex results in exchanged positions of the
surrounding tiles. Please note that the edge-sharing frequencies
of the NGT are preserved upon single phason ﬂips. In this way,
the quality of the quasicrystal can be assessed in the presence of
the speciﬁc disorder of phason ﬂips.
The presence of phason ﬂips makes the recognition of the
higher-hierarchical tiling in STM images more challenging.
By neglecting the location and the orientation of rhombs and
locating rings of twelve atoms that create a framework of adja-
cent dodecagons, the higher-hierarchical tiling were identiﬁed
in Figure 8a. For a better comparison to the ideal NGT, the
selected area in the STM image corresponds to the tiling shown
on the right in Figure 6b. The Ti atomic positions of the OQC
(a)
(b)
Figure 8. a) The higher-hierarchical tiling of the BaTiO3-derived OQC
measured by STM and b) the corresponding tiling scheme. Rings of 12
atoms at the outer ring of the characteristic dodecagons are emphasized
in yellow color in the STM image and as black rings in (b). The apparent
disorder in the orientation of rhombs within these dodecagons is caused
by phason ﬂips. (a) 13 13 nm2, 25 pA, 1.0 V.
Figure 7. Statistical analysis of the OQC based on STM images:
Frequencies of shared edges between adjacent tiles in the mathematically
deﬁned NGT (bars) and for two extended data sets of different OQC prep-
arations on different Pt(111) crystals (red and blue marker).[21,24]
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tiling as extracted from the STM image are shown in Figure 8b.
It clearly indicates strong deviations of the inner structure
of the characteristic dodecagons from the ideal NGT. For only
half of the dodecagons, the two rhombs point toward the center
in agreement with the NGT. For all the others, at least one of the
rhombs has moved toward the rim or even left the dodecagon.
This motion of rhombs is the signature of multiple phason
ﬂips.
5. Diffraction
Oxide quasicrystals were discovered due to the observation
of a twelvefold-symmetric diffraction pattern in LEED, as shown
for the example of the BaTiO3-derived OQC on Pt(111) in
Figure 1 and 9a. This clear dodecagonal pattern, instead of dif-
fraction rings, reports on an epitaxial alignment of the OQC
along the high-symmetry directions of the substrate. The
LEED pattern of the OQC is characterized by twelve sharp
and intense spots at 1.03Å1 as shown in Figure 9a, which
has been recorded by spot-proﬁle analysis low-energy electron
diffraction (SPALEED). The intense spots correspond to the sec-
ond diffraction order, in correction to the initial report in ref. [6].
Indeed, the ﬁrst-order spots are only seen at kinetic energies
below 10 eV (not shown here). Two additional rings of twelve
spots are found at larger q vectors under a rotation of 15° with
respect to the ﬁrst ring. Additionally, close to the ﬁrst-order spots
of the Pt substrate pairs of spots occur in twelve directions. In
addition to this characteristic dodecagonal pattern, the sixfold
symmetry of the substrate leads to a backfolding of intense
QC spots from neighboring surface Brillouin zones of the hex-
agonal substrate, as has been explained in great detail recently.[24]
The backfolding at the substrate superimposes a sixfold symmet-
ric pattern to the original dodecagonal diffraction of the OQC. An
example for a backfolded spot, which is extraordinary intense at
the given electron kinetic energy, is marked by the black open
circle in Figure 9a.
An alternative approach to the momentum space can be
obtained from FT of atomically resolved STM images as shown
in Figure 9b for a dataset with 20 000 atomic positions. The use
of identical scatterers at these atomic coordinates results in a
reduced background on the FT and unravels the long-range
dodecagonal symmetry of the OQC tiling nicely. In comparison
to the LEED pattern of Figure 9a, many higher diffraction orders
of nonzero intensity are seen in the FT. Keeping in mind that the
FT was calculated from the Ti subgrid only, whereas the LEED
pattern additionally contains the information about the Ba and O
grids; the lower number of observed spots in LEED points toward
systematic extinction of diffraction spots.
The diffraction pattern of the ideal and inﬁnitely extended
NGT is shown in Figure 9c. It has been derived by Fourier trans-
forming the acceptance domain of the NGT in internal
space.[20,52] Positions and intensities of the diffraction peaks of
the NGT in Figure 9c agree reasonably with the FT in
Figure 9b. Surprisingly, the relative intensities of the three inner
rings of 12 spots seen in LEED are also in good agreement with
those of the NGT tiling. From the additional atomic decoration of
the NGT by Ba and O, larger intensity differences are expected as
compared with the pure Ti grid.
One way to possibly access the tiling decoration is the use
of SXRD. There, due to the small scattering cross-section of
the X-rays, only single scattering needs to be considered.
Consequently, the measured intensities can be directly compared
with model calculations. A reciprocal space map of the BaTiO3-
derived OQC on Pt(111) measured by SXRD is shown in
Figure 10. The small full-width-at-half-maximum of the OQC
in the order of 0.03Å1 reports of the high quality of the
(a) (b) (c)
Figure 9. a) Low-energy electron diffraction of the BaTiO3-derived OQC on Pt(111) (SPA-LEED at 66 eV). b) FT of an atomically resolved STM image with
almost 20 000 Ti atoms. c) Calculated diffraction pattern of the ideal NGT. The second-order diffraction is marked in red for comparison. The black open
circle in (a) emphasizes a backfolded spot originating from the next Brillouin zone of the Pt(111) substrate.
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dodecagonal layer. The establishment of a complete structural
model of the OQC is one of the current topics of research on
this system. Note that the theoretical model reported by
Cockayne et al. is able to predict a dodecagonal Ba–Ti–O struc-
ture with a Ba0.37Ti1O1.55 stoichiometry where the NGT is
formed by the Ba atoms.[27] Experimentally, we ﬁnd a stoichiom-
etry close to Ba1Ti1O3x and observe a NGT in STM, which is
formed by Ti atoms.
6. Approximants
A common scheme to all quasicrystal systems is their formation
within a small temperature window in the multidimensional
composition phase diagram. Upon deviations from the optimal
formation conditions of quasicrystals, periodic structures are
typically formed that are created from the same building blocks
as the related quasicrystal. They often have unit cells that are
smaller or larger patches of the parent aperiodic structure
and are called approximants. Also for OQCs, such approxim-
ants have been reported as shown in Figure 11.[7,26,28,29,31]
Within the ideal NGT shown in Figure 11a, two clusters are
highlighted. By translating these clusters along two unit vectors
in the plane, periodic tilings arise as shown in Figure 11b,c. The
larger the cluster is, i.e., its unit cell, the closer it resembles the
aperiodic structure.
The small unit cell approximant shown in Figure 11b was
observed for the BaTiO3/Pt system.
[28,29] This triangle-square
tiling is called σ-phase approximant or snub-square tiling and
contains a combination of six tiles as found in the OQC. It
is also known as 32.4.3.4 Archimedean tiling[53] and was
described for the ﬁrst time 400 years ago by Johannes
Kepler.[54] On the Pt(111) substrate, it forms a commensurate
superstructure under 8° rotation out of the substrate high-
symmetry directions. By a combination of STM, LEED,
SXRD, and calculations by means of density functional theory
(DFT), its structure has been determined as also presented in
this issue by Meyerheim et al.[28,30] The same superstructure
has been observed recently for BaTiO3 on Ru(0001), as reported
in this issue by Zollner et al.[31] This indicates the broader
concept of OQC and approximants in the ﬁeld of perovskites
on metal substrates.
The large unit cell approximant shown in Figure 11c has been
discovered in the SrTiO3/Pt(111) system.
[7] Its unit cell includes
all motifs that are essential for the description of the OQC tiling.
In addition to the three basic building blocks, even the charac-
teristic dodecagon is part of the unit cell. In total it contains
36 tiles and 24 Ti atoms. Anticipating the similar stoichiometry
as reported for the σ-phase approximant of Ba:Ti:O¼ 1∶1∶2.5,
the large unit cell approximant contains 108 atoms in the unit
cell.[28,29] Similar to the σ-phase approximant, this large unit cell
approximant is in registry with the substrate. It forms a
9 0
9 16

superstructure with respect to Pt(111). Due to the
symmetry mismatch, six domains of the approximant contribute
to the LEED pattern, which is shown in Figure 12. At the position
corresponding to the second-order diffraction of the OQC, which
is marked by the red circle in Figure 12, the approximant and the
OQC pattern are identical. However, a clear sixfold symmetry
is seen at the positions of the third- and fourth-order OQC dif-
fraction spots marked by the blue circles. The different domains
contribute to common spots every 60∘ along these circles,
whereas their diffraction spots are located at slightly different
positions with 30° rotations in between. As a consequence,
the diffraction intensities are smeared out in the reciprocal space.
An additional difference to the diffraction pattern of the OQC is
the much higher number of intense diffraction spots. This could
be related to the substrate registry that slightly distorts the unit
cell.[7] As a consequence, small deviations in lengths and angles
of the tiling elements occur that might lift the prerequisites
for destructive interference, which increases the number of
observed spots.
Within the tiling of the BaTiO3-derived OQC on Pt(111),
a small number of repeating units of the large unit cell
Figure 10. Reciprocal space map of the BaTiO3-derived OQC on Pt(111)
measured by SXRD. The circles emphasize the diffraction spots of the
OQC. The second-order diffraction spots are marked in red. The three
Bragg peaks ½1¯ 1¯ 00, ½2¯ 1¯ 01, and ½2332 are shown on a 20 enlarged
scale in the insets from top to bottom, respectively.
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approximant are locally present in multiple orientations.[21] At
the current level of understanding, these units help to stabilize
the epitaxial alignment of the OQC on the Pt(111) substrate.
In adddition to the two examples of approximants discussed
earlier in detail, a variety of additional approximant structures is
known to exist in the various combinations of ternary oxide
monolayers on metal surfaces.[26,31] These experimental ﬁnd-
ings stimulated calculations that try to ﬁnd a unique decoration
scheme for the tiling elements to explain all observed struc-
tures.[27] Whereas this model gives interesting insights into
formation of possible dodecagonal oxide structures, it fails to
predict the experimentally determined 1:1 stoichiometry for
Ba and Ti in the OQC and the σ-phase approximant.[28]
Nevertheless, the approach to explain all observed structures
by one unique decoration seems to be the key to reach a
complete understanding of the binding concept for 2D ternary
oxide monolayers.
7. Conclusion and Outlook
As we discuss in this review, the ﬁeld of aperiodic oxide mono-
layers that are formed from ternary perovskites has developed
into a broad research area. All aspects and peculiarities of qua-
sicrystals can be studied here in a textbook-like fashion for a 2D
system. Especially, the combination of different diffraction tech-
niques with real-space imaging by STM allows new insights as all
atomic coordinates within a real quasicrystalline tiling are acces-
sible and deliver via Fourier transform (FT) a microscopic picture
of diffraction.
(a)
(b) (c)
Figure 11. Illustration of the concept of the relationship of quasicrystals and their approximants. The building blocks of the OQC tiling highlighted
in (a) are forming periodic structures of different unit cell dimensions (b, c). The unit vectors of the periodic structures are indicated by
arrows.
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The presence of well-deﬁned quasicrystalline structures adds
another degree of freedom to perovskite oxide interfaces beyond
the formation of 2D electron gases, new forms of topology, and
new ferroic coupling mechanisms.
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